Abstract. Multidrug resistance (MDR) mediated by Pglycoprotein (P-gp) is one of the major reasons for the failure of cancer therapy. Several chemosensitizers are able to reverse in vitro MDR by inhibiting P-gp, although high toxicity limits their clinical application. In this study, we aimed to investigate the in vitro effectiveness of four common nonsteroidal anti-inflammatory drugs (NSAIDs) such as Curcumin (Cur), Sulindac (Sul), Ibuprofen (Ibu) and NS-398 (NS) to inhibit P-gp activity at clinically achievable doses and to evaluate their potential use as sensitizers in anti-cancer chemotherapy. The human doxorubicin (doxo) resistant uterine sarcoma cells (MES-SA/Dx-5) expressing high levels of P-gp, were treated with different doxo concentrations in the presence or absence of NSAIDs. Cellular accumulation of doxo, cytotoxicity and apoptosis induction were measured in comparison with Verapamil, a specific P-gp inhibitor, used as a reference molecule. We found that Ibu, Cur and NS-398 enhanced significantly doxo retention, cytotoxicity and apoptosis on resistant MES-SA/Doxo-5 cells when compared with doxo alone. In contrast, no significant changes were found in resistant cells treated with Sul-doxo combinations. Our results demonstrate that Ibu, Cur and NS-398 below their therapeutic plasma concentrations were able to overcome P-gp-mediated MDR in MES-SA/Dx-5 cells. These findings provide the rationale for clinical studies of NSAIDs and/or derivatives as a new potential generation of chemosensitizers to improve effectiveness of the anti-cancer drugs in the treatment of human cancer.
Introduction
Multidrug resistance (MDR) of cancer cells constitutes one of the major obstacles to successful treatment of cancer (1) (2) (3) (4) (5) (6) . MDR is a phenomenon in which tumor cells are resistant to the cytotoxic effects of various structurally and functionally unrelated chemotherapeutic agents (7) . The predominant cause of MDR is the overexpression of a 170-kDa plasma membrane P-glycoprotein (P-gp), the product of the multidrug resistance (MDR) gene, an ATP-dependent transporter which acts as an efflux pump decreasing drug accumulation and cytotoxicity (8) (9) (10) (11) . Previously, several P-gp inhibitors or chemosensitizing agents, have been examined in vitro in combination with cytostatic agents to inhibit the activity of this drug transporter in an effort to improve the effectiveness of anti-cancer therapy. However, the application of these chemical agents in chemotherapy is limited because of their severe toxic side effects (12) (13) (14) (15) (16) (17) (18) (19) . Recent evidence indicates that non-steroidal anti-inflammatory drugs (NSAIDs) possess an anti-tumor activity in different types of human cancer cell lines (20) (21) (22) (23) (24) (25) . However, the high concentrations of NSAIDs needed to inhibit cancer cell proliferation, limit their clinical use in cancer chemotherapy. In addition, these compounds exert different biological effects and act on different proteins and could interfere with the processes involved in the cytotoxic action of anti-tumor agents. The aim of this study was to investigate whether NSAIDs at clinically achievable doses, interact with the P-gp membrane transporter. Altered P-gp activity, which may result from these interactions, could modify the absorbability and toxicity of anti-cancer drugs and consequently to influence the clinical response. Thus, NSAIDs could be used in combination with anti-neoplastic agents as chemosensitizers to inhibit the transport processes P-gpmediated and to improve the treatment responsiveness in cancer patients. In the present study, we analyzed the in vitro effects of four common NSAIDs, Ibuprofen (Ibu), Curcumin (Cur), NS-398 (NS) and Sulindac (Sul) on MDR of MES-SA/Dx-5 human sarcoma cell line, which express high levels of P-gp (26, 27) . The doxo-resistant sarcoma cells were treated with two different doxo concentrations in the presence or absence of a concentration of NSAIDs attainable in human serum and intracellular doxo accumulation, doxo cytotoxicity and apoptosis induction was determined. We have used doxo concentrations which can be achieved in the blood of patients who undergo anti-cancer treatment. As a positive control, we used verapamil (Ver), a specific inhibitor for P-gp that blocks binding of drugs to P-gp competing against anti-cancer drug for binding site on P-gp (28) . 5 cells were incubated for 24 h in growth medium in a polystyrene round-bottom tubes (Iwaki Company) at 37˚C in 5% CO 2 . After this period, the cells were pre-treated with Ver (10 μM) or NSAIDs (10 μM) for 24 h at 37˚C without replacing the media. The cells were then treated with two different concentrations of doxo (5 and 10 μM) for 3 h at 37˚C with frequent shaking. Each measurement was performed in triplicate. After incubation, cells were washed twice in icecold PBS (pH 7.4) and after sonication the cell lysates were stored in liquid nitrogen until analysis. After thawing, 3 ml butanol were added and allowed to extract the doxo for 2 h at 37˚C. After extraction, 1 ml water was added and the phases were mixed vigorously on a vortex mixer and separed by centrifugation. The fluorescence of doxo in the lysates was determined in the butanol phase by fluorescence spectrometry (SFM 25, Kontron Inst.) using 475 and 580 nm as excitation and emission wavelength, respectively. Extracts from untreated cells were used as blank. Accumulate doxo in the cancer cells pre-treated with either NSAIDs or Ver, was expressed as a percentage of the doxo remaining in control cells (doxo alone) at the selected concentration and measured using the following formula: Doxo accumulation (%) = 100 x (F treated -F control)/F treated.
Materials and methods

Chemicals
Where F treated, mean fluorescence of tubes treated with NSAIDs or Ver prior doxo treatment; F control, mean fluorescence of tubes treated with doxo alone.
Cell toxicity assay. The cytotoxicity of the NSAIDs singly or in combination with doxo, was assessed using MTT assay (29) . Briefly, MES-SA/Dx-5 cells were seeded into 96-well culture plates (Iwaki Company) at a density of 1x10 4 cells/ well in growth medium and incubated at 37˚C for 24 h. Thereafter, the cells were incubated with doxo at various concentrations (5 and 10 μM) in the absence or presence of NSAIDs (10 μM) or Ver (10 μM) and incubated at 37˚C for 72 h. Untreated MES-SA/Dx-5 cells containing medium alone were used as control. The cytoxicity of each drug itself was also measured. After incubation, cells were washed with PBS before 100 μl of MTT (0.5 mg/ml) in drug-free medium was added to each culture well and they were then incubated for an additional 4 h at 37˚C. The tetrazolium salt MTT is reduced metabolically by living cells to a colored formazan product, which can be quantified spectrophotometrically. Cell media were removed and formazan crystals were solubilized in 100 μl of 0.04 N HClisopropyl alcohol before absorbance was read at 550 nm on a microplate spectrophotometer (Molecular Devices, Spectra Max 190). Each drug concentration was tested in triplicate. The percentage of growth inhibition was calculated as: Growth inhibition (%) = (1-OD treated well/OD control well) x 100. Where OD treated well were the mean absorbance values of cells treated with NSAIDs or Ver while OD control well were the mean values of the untreated cells, respectively.
Percent survival, at each doxo concentration, was expressed as the percent of the control wells and calculated as follows: Cell survival (%) = 100 (OD treated well/OD control well.
Apoptosis assays. In order to evaluate whether the combinations of doxo with NSAIDs induced apoptosis, MES-SA/Dx-5 cells were seeded on glass coverslips in 24-well plates at a cell density of 5x10 4 cells/ml per well and incubated for 4 days at 37˚C in a humidified 5% CO 2 atmosphere. Attached cells were then treated for 24 h with NSAIDs (10 μM) in combination with 5 μM or 10 μM doxo concentrations. Cells grown in drug-free medium were used as control. For assessment of apoptosis we used the acridine orange-propidium iodide dual staining of living cells. The mixture of fluorescence dyes consisted of acridine orange at 5 μg/ml and propidium iodide at 5 μg/ml in PBS. Cells were stained for 10 min at RT, washed twice with PBS and immediately viewed under a confocal microscope (Zeiss LSM 510 META). In early apoptosis, acridine orange enters the cells and nuclei are bright with dense green areas. Propidium iodide only stains DNA red of cells in late stages of apoptosis and necrotic cells with alterated membrane integrity. Each treatment was repeated in triplicate.
Statistical analysis. The presented data were expressed as a mean ± SD and compared with the Student t-test. P-values at <0.05 were considered statistically significant.
Results
Accumulation assay. Fig. 1 shows the increase of intercellular doxo accumulation in cancer cells pre-treated for 24 h at 37˚C with NSAIDs or Ver compared to those cultures not previously exposed to inhibitors. As shown, the co-administration of NSAIDs enhanced the doxo accumulation capacity in MES-SA/Dx-5 cells at all doxo concentrations. In particular, the average percentage of doxo retention after exposure at 5 and 10 μM doxo concentrations in the presence of Ibu, Cur, NS-398 and Sul reached 32.1±2.8, 29.4±3.1, 14.2±2.1, 1,5±0.9% and 8.4±1.7, 6.4±1.5, 5.7±1.2, 0.7±0.5%, respectively, when compared to control cells, receiving only medium. As reported in Fig. 1 , a significant increase in the accumulation of doxo (p<0.05) was observed in cells pretreated with Ibu and Cur that were able to retain intracellular doxo level superior to 30% of the control after exposure to 5 μM doxo concentration. These results were similar to that obtained when the cells were incubated with conventional sensitizer, Ver. At the same doxo concentration the mean doxo accumulation for NS-treated cells was ~15% of control, while the accumulated amount of doxo in resistant cells changed little in the presence of sulindac (only 1-2%). At 10 μM, intracellular doxo concentration dropped to values <10% for NSAIDs and only Ver was still able to maintain intracellular doxo levels superior to 10% to control cells. Table I are reported the values of cytotoxic activity of doxo on cancer cells at different concentrations when incubated in the absence or presence of NSAIDs or Ver for 72 h at 37˚C. As shown in Table I , the growth inhibition using doxo 5 and 10 μM concentrations in combination with Ibu, Cur, NS-398 and Sul resulted in 1.7-, 1.4-, 1.3-and 1.1-fold and 1.5-, 1.3-, 1.2-and 1.1-fold increase, respectively. These results demonstrated that the combinations of doxo with NSAIDs enhance the sensitivity of cancer cells to doxo treatment when compared to cells treated with doxo alone revealing a synergistic effect in this resistant cancer cells. In addition, by themselves NSAIDs did not show relevant toxic effects on MES-SA/Dx-5 cells while the toxicity of Ver alone was ~3-fold higher than those observed in the NSAID-treated cells. The percentage of cell survival calculated by subtracting the corresponding cytotoxicity values of the agents alone from the respective values achieved in association with all doxo concentrations is shown in Fig. 2 .
Cytotoxicity assay. In
Apoptosis assay. All combinations examined enhanced apoptosis characterized by cell shrinkage and nuclear condensation when compared to control cells (without inhibitors). The highest number of early apoptotic cells was observed in doxo-Ver combinations (Fig. 3b) . However, the induction of apoptosis was significantly enhanced in cells treated with Ibu in combination with doxo ( Fig. 3c ) and gradually decreased in Cur and NS-treated cells. While little change was observed in MES-SA/Dx-5 cells after exposure to Sul-doxo combinations, compared to the control. These results suggest that the enhancement of cytotoxic activity of doxo could be related to a concomitant increase of apoptosis.
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Discussion
P-gp overexpression confers resistance to a wide variety of anti-cancer agents used for treatment of different types of neoplastic diseases. At present, none of the P-gp inhibitors tested in vitro to block P-gp activity has been introduced in the clinical oncological practice. In this study, we have demonstrated that a group of clinically important NSAIDs at concentrations achievable in human serum, significantly enhance the sensitivity to doxo in human sarcoma MES-SA/ Dx-5 cells which overexpress P-gp, when compared to untreated cells (without inhibitors). As shown in Fig. 1 , all four anti-inflammatory agents were able to increase the intracellular accumulation of doxo compared to cells treated with doxo alone. In particular, the cells pre-treated with 5 μM doxo in combination with Ibu or Cur have shown a significant increase in intracellular doxo accumulation (up to 30%) compared to the control (p<0.05). A significant increase (15%) was also obtained after pre-treatment with NS-398, while the lowest increase of doxo retention (1-2%) was achieved in Sul-treated cells. At higher doxo concentrations (10 μM), surprisingly, the capacity to retain doxo dropped <10% for all NSAIDs tested, remaining ~15% only for conventional P-gp inhibitor, Ver. These results suggest that a relationship between NSAIDs and the P-gp activity in the resistant sarcoma cells exists and that the increase of cellular doxo retention appears to be independent of the extracellular doxo concentration. However, the exact molecular mechanism(s) to explain this phenomenon remain to be established. A possible explanation is that these lipophilic molecules accumulate within the cancer cells and at low concentrations of doxo, act as P-gp substrates competing actively with doxo for binding sites on P-gp and thus increasing its intracellular accumulation. In contrast, at high doxo concentrations, MES-SA/Dx-5 cells extrude mainly doxo reducing the interaction with the NSAIDs and consequently decreasing intracellular doxo levels. This hypothesis agrees with the results obtained with MTT test. Indeed, as shown in Table I all four anti-inflammatory agents enhanced the cytotoxic effects of doxo on cancer cells more effectively in the presence of low doxo concentrations, when compared to the controls. In addition, these results are consistent with the increased apoptotic response obtained when MES-SA/Dx-5 cells were treated concomitantly with doxo and NSAIDs, indicating that the further reduction of cell proliferation could be caused in part, by an apoptotic mechanism. In summary, our results demonstrate that Ibu, Cur and NS greatly increase the sensitivity to doxo in MES-SA/ Dx-5 cells via modulation with P-gp activity at concentrations (2.9 μg/ml) that are much lower than those of plasma attainable levels when standard doses of doxo are administered clinically (8-10 μg/ml). These findings have a clinical importance because through a combined chemotherapy of doxo and NSAIDs reduced doxo concentration and its side effects (cardiotoxicity, myelosuppression, and other systemic side effects) could be possible without reducing its cytotoxic activity (30) . Furthermore, since these three compounds exert their sensitizing effects in vitro well below their therapeutic plasma concentrations (2-3 μg/ml), their co-administration at very low dosages (side effect free) could enhance the efficacy of doxo-based regimens in the treatment of P-gp-mediated MDR tumors. In contrast, Sul was the weakest inhibitor of Pgp activity and only slightly effective as chemosensitizer, since the concentration necessary to inhibit effectiveness in vitro growth (>100 μM data not shown) of MES-SA/Dx-5-resistant cells, was higher than serum concentrations attainable in vivo (~10 μM) at clinical dosages. In conclusion, we found that Ibu, Cur and NS are effective chemosensitizers with activity similar to that of the known P-gp-modulator Ver but with much less in vivo toxic effects (arrhythmia and hypotension). Furthermore, the discovery and the development of new NSAIDs or their derivatives with minimal toxicity and without side effects (platelet function or gastrointestinal effect) could increase the clinical use of this class of drugs as a new potential generation of chemosensitizing agents to prevent or reverse drug resistance in human cancer.
